Terahertz radiation (THzR) consists of electromagnetic waves within the band of frequencies from 0.3 to 3 terahertz with the wavelengths of radiation in the range from 0.1 mm to 1 mm, respectively. The technology for generating and manipulating THzR is still in its initial stage. Herein, we demonstrate that the wrinkled Si 1-x Ge x /Si 1-y Ge y films can be used as radiation sources, which emit electromagnetic waves (EMW) in a very wide range of the frequencies including the terahertz band from 0.3 to 3 THz and far IR from 3 THz to 20 THz. These findings provide the theoretical foundation for the wrinkled nanofilm radiation emission and may allow, to some extent, to fill the terahertz gap.
Introduction
Terahertz radiation (THzR) consists of electromagnetic waves within the band of frequencies from 0.3 to 3 terahertz with the wavelengths of radiation in the range from 1 mm to 0.1 mm, respectively. THzR occupies a middle ground between microwaves and infrared light waves. The technology for generating and manipulating THzR is still in its initial stage, and is the subject of the intensive researches [1] - [3] . This lack of technology is called the terahertz gap with frequencies from 0.1 to 10 THz (wavelengths from 3 mm to 30 µm) [4] [5] . It represents the region in the electromagnetic spectrum that the frequency of electromagnetic radiation becomes too high to be measured by digitally counting cycles using electronic counters. In this frequency range, the generation and modulation of coherent electromagnetic signals ceases to be possible by the conventional electronic devices used to generate radio waves and microwaves, and requires new devices and techniques.
The theory of the radiation emission from the wrinkled pattern [6] is based on two important assumptions: 1) the sample should be quite extended and strictly periodic over the entire length and 2) the carriers should travel along the wrinkled free edge. As can be seen from Figure 1 in Fedorchenko et al. [7] , the wrinkled pattern does not satisfy the first assumption. Moreover, at that time the technology does not allow to obtain samples with preset geometrical parameters, such as the wrinkle period. Recent advances in the theory [8] and technology of production of strictly periodic wrinkled SiGe nanofilms [7] [9]- [11] provide the theoretical foundation for the wrinkled nanofilm radiation emission and may allow, to some extent, to fill the terahertz gap.
The main finding of this work is that with proper wrinkled nanofilms the electromagnetic waves within terahertz band or far IR can be generated.
Mechanism of Radiation
Conventionally, optical emission from semiconductors is via the conduction-to-valence band optical transitions. The emission intensity of IV-IV compounds is relatively weak as compared to III-V compounds owing to the indirectness of the energy band in the momentum space. Very recently, a novel radiation emission mechanism from wrinkled Si 1-x Ge x /Si 1-y Ge y nanofilms has begun to be explored [6] . The emission mechanism is based on the change of acceleration of carriers, when they travel along the sinusoidal trajectory in wrinkled Si 1-x Ge x / Si 1-y Ge y nanofilms. This manner is analogous to synchrotron radiation with undulators, or a free-electron laser.
The improvement of technology for production of the wrinkled SiGe/SiGe nanofilms allows us to produce strictly periodic nanostructures with predetermined geometrical properties, such as the wrinkled pattern length and the wrinkle period (see Figure 1) .
Following [7] [9], the characteristics of the wrinkled nanostructure were described as follows. The structure consists of two thin layers of Si 1-x Ge x /Si 1-y Ge y with different Ge compositions deposited on a Si buffer layer. Both layers are p-type doped and are initially strained because of the lattice mismatch between the Si buffer layer and the bilayer. By removing the Si buffer layer using the standard semiconductor process of selective etching, the bilayer thin film is debonded, resulting in a freestanding film. The freestanding film relaxes through bending and stretching and eventually reaches its equilibrium state, forming a wrinkled pattern. A typical AFM image of the wrinkled pattern and its schematic plot are depicted in Figure 2 and Figure 3 , respectively.
The freestanding bilayer film has air between the pattern and the silicon substrate. A detailed description of the fabrication process and formation mechanism of the pattern is reported in [7] [9] . The morphology of the wrinkled pattern is characterized by a) the displacement in the growth direction z(x, y), and b) periodicity of the pattern (L w ). The displacement can be expressed as a function of L w as z(x, y) = Ag(y/h) sin kx, where k = 2π/L w is the wrinkle wave number, A and h are the wrinkle amplitude and lateral etching depth. Note that g(1) = 1 at the free edge (at y = h) and g(1) = 0 in the bonded area. The carriers (holes in our case) in the bilayer film are initially confined within a triangular potential that is formed at the Si 1-x Ge x /Si 1-y Ge y interface, confined like a two-dimensional hole gas [8] . By placing a metal contact at both ends of the wrinkled pattern, holes travel through the wrinkles when a voltage is applied across the contacts as illustrated in Figure 3 . To support the theoretical results of the paper [6] , important outcomes of Chang et al. [8] pertinent to the valence band profile in the wrinkled SiGe/SiGe nanofilm should be mentioned.
Namely, their findings show that the strain in the SiGe layer lifts the degeneracy of the valence band spitting into heavy and light hole states.
From an analysis of the energy profile of the structure using the multi-band k⋅p approximation it is found that, the energy minimum lies along the wrinkled edge with heavy state being the lowest. The energy minimum lies along the wrinkled free edge and remains one-dimensional. Thus the majority of the carriers (holes) travel along the one-dimensional trajectory at the wrinkled free edge.
As the energy splitting of the heavy-light holes state at the edge (≈100 meV) is much larger than the phonon energy (≈55 meV), thus the inter valley scattering is weak in this case.
Results and Discussion
Omitting the intermediate mathematical calculations, which can be found in the paper [6] , the final results are of the form:
where c is the speed of light in vacuum, V d = μE is a constant average velocity of holes under the influence of applied electric field E, μ is the hole mobility whose value depends on the composition of the samples, f and λ are the frequency and wavelength of the emitted EMW, respectively. Equation (1) shows that the radiated frequency depends mostly on two factors: a) the periodicity of the wrin-kled pattern as L w −1 and b) the hole average velocity V d . With respect to the former factor, as has been shown in [7] [9], layers with various L w can be fabricated. Both the wavelength and amplitude of wrinkles increase with the depth of etching as h 0.62 [7] [9] [10] . Further, the hole velocity is proportional to the magnitude of the applied electric field E. The radiated frequency for various L w is calculated as a function of electric field ranging from 1 kV/cm to 100 kV/cm. The mobility of the heavy holes is set to 1400 cm 2 /V·s, which was deduced from the average value of the bilayer film of Si 0.51 Ge 0.49 /Si 0.82 Ge 0.18 reported in [12] , and the mobility of each layer is linearly extrapolated from the bulk values of Si and Ge.
The results of calculations are presented in Figure 4 . The spectrum covers a wide range from 0.01 to 100 THz. For large L w (≥1 µm), the device emits long wavelengths on the centimeter scale. As L w decreases, which can be achieved by reducing the lateral etching depth, the emitted wavelength becomes shorter. For L w = 0.1 µm the radiation falls into the terahertz band when the electric field changes from 2 kV/cm to 20 kV/cm. For L w ≤ 0.1 µm, the emitted wavelengths are shifted into the infrared region and even reach the visible one.
As shown in [6] , the radiated power (P) for a single hole following the wrinkled trajectory reads 
where q = 1.602 × 10 −19 C is the carrier charge, and ε 0 = 8.854 × 10 −12 F/m is the dielectric constant. Equation (2) shows that the radiation power is inverse proportional to the periodicity of the wrinkled pattern as L w −2 and depends strongly on the hole velocity as fourth power. This suggests that the width of the power spectrum is characterized by the statistical distribution of the hole velocity, skewing toward higher frequencies related to higher velocities.
The estimation given in [6] shows that for the conventional p-MOS device on the micron scale operated at high electrical field (a saturation velocity V d = 10 7 cm/s, current of 1 mA, and L w = 0.1 µm) a reasonable power is of sub-milliwatts. This demonstrates that the proposed nanostructure can be used as a tangible optical emitter at the infrared region and, in particular, in the terahertz band. Note that, by reducing periodicity of the wrinkled nanostructure, not only the radiated frequency shifts toward the visible region as shown in Figure 4 , but the radiation power also increases.
Concluding Remarks
This study shows that the wrinkled Si 1-x Ge x /Si 1-y Ge y nanostructure could be potentially used as a source of terahertz radiation. The emission of the wrinkled SiGe/SiGe nanostructure can cover a wide spectrum from visible to far IR with radiation power levels of the order of submilliwats.
The mechanism of radiation emission is not related to the indirectness of the energy band and the bandgap of SiGe because the radiation emission depends only on the velocity of holes under an applied field and not on the conduction-to-valence transitions. This mechanism can help remove the main obstacle (indirectness in the energy band) in the use of group IV compounds as emission sources. For a wrinkled nanostructure with a fixed periodicity, the ability to tune the radiated frequency according to the velocity of holes implies that it can radiate light at different frequencies by changing the applied voltage. Thus, the proposed nanostructure offers a practical advantage over the conventional optical emitters that emit light with only a single frequency corresponding to the bandgap (the energy difference between the top of the valence band and the bottom of the conduction band).
